Abstract. The pore structure of a natural shale is obtained by three imaging means. Micro-tomography results are extended to provide the spatial arrangement of the minerals and pores present at a voxel size of 700 nm (the macroscopic scale). FIB/SEM provides a 3D representation of the porous clay matrix on the so-called mesoscopic scale (10-20 nm); a connected pore network, devoid of cracks, is obtained for two samples out of five, while the pore network is connected through cracks for two other samples out of five. Transmission Electron Microscopy (TEM) is used to visualize the pore space with a typical pixel size of less than 1 nm and a porosity ranging from 0.12 to 0.25. On this scale, in the absence of 3D images, the pore structure is reconstructed by using a classical technique, which is based on truncated Gaussian fields. Permeability calculations are performed with the Lattice Boltzmann Method on the nanoscale, on the mesoscale, and on the combination of the two. Upscaling is finally done (by a finite volume approach) on the bigger macroscopic scale. Calculations show that, in the absence of cracks, the contribution of the nanoscale pore structure on the overall permeability is similar to that of the mesoscale. Complementarily, the macroscopic permeability is measured on a centimetric sample with a neutral fluid (ethanol). The upscaled permeability on the macroscopic scale is in good agreement with the experimental results.
Introduction

Scientific context
Claystones and shales are fine grained sedimentary rocks. Their pores are mainly located within their clay matrix or at its interface with non porous minerals [3-6, 10, 14] . The clay pores, of 1-100 nm size 1 , most likely dominate the flow and transport properties [5, 11, 12] . Moreover, during sedimentation and compaction, clay minerals are deposited along preferred orientations, i.e. natural shales are generally anisotropic [7] . It is expected that the pore space geometry is also anisotropic, as are the transport properties of the shale [15] .
The pore structure of claystones is still partly understood, both in terms of geometry and connectivity, though significant progress has been made over the last decade [3-5, 10-12, 14] . The inherent heterogeneity of these natural materials (which comprise swelling clay, soft and hard e-mail: catherine.davy@centralelille.fr 1 In all this contribution, unless otherwise stated, pore size refers to pore diameter and not radius. minerals), and the broad range of pore sizes, makes them complex to characterize. At least for the natural shale studied herein, at present, no technique alone provides a full overview of its porosity for bulk matter at the centimetric scale and above, due to its very wide pore range. A combination of techniques is usually preferred. They are either direct, i.e. imaging techniques, or indirect, i.e. they require a model to derive pore characteristics. Indirect techniques often rely either on gas adsorption (for the smallest nanoscopic pores) or on capillary intrusion (for pluri-nanometric to millimetric pores). The sample preparation technique may also limit the applicability to bulk matter.
The 3D characterization of the pore structure by direct imaging provides all necessary geometrical parameters, but this largely depends on the pore and sample size considered. Currently, X-Ray micro-tomography (micro-CT) provides data of the 3D pore space down to about 700 nm. This is insufficient for clay rocks, which display no connected porosity on this scale, although the analyzed sample sizes are representative of a "macroscopic" struc-ture (up to about 180 microns) [10] (1) : characterizing the sole clay matrix with FIB/SEM and (S)TEM on several samples to achieve representativeness in a statistical sense [2, 5] , and by (2) : coupling these with micro-CT using scale change methods [8] . Where no single characterization method provides adequate representativeness for such wide pore scales as in clay rocks, the combination of micro-CT, FIB/SEM and TEM is able to provide a full representative 3D pore space [2] .
In this contribution, we benefit from synthetic images derived by training image techniques from micro-CT data for the natural shale from [10] . We also combine both FIB/SEM and TEM imaging of the mesoscopic clay matrix to describe the smallest 1-100nm pores. Four percolating FIB/SEM samples (27. 8-146.7μm 3 ), and up to eight TEM images (18.5x10 3 -41.0x10 3 nm 2 ) are used, which are fully analyzed in previous research [11, 12] .
Aims and scopes
The images are used as a starting point for numerical simulations on all three scales. At the nanoscopic scale given by 2D TEM, in the absence of 3D images, the pore structure is reconstructed by using a technique, which is based on truncated Gaussian fields. Permeability calculations are performed with the Lattice Boltzmann Method (LBM) on the mesoscale given by 3D FIB/SEM pore structures, and also on the nanoscale, and on the combination of the two. Upscaling is finally done (by a finite volume approach) at the macroscopic scale by using synthetic images obtained by direct sampling from actual micro-tomography images of the same shale [13] . Complementarily, the macroscopic permeability is measured on a centimetric sample with a neutral fluid (ethanol). The upscaled permeability at the macroscopic scale is compared with the experimental results.
Methods
Experimental
For FIB/SEM or TEM imaging, two shale samples EST26095 and EST25679 are oven-dried at 80
• C for at least 15 days and impregnated with non radioactive Methyl MethAcrylate resin (MMA) under partial vaccuum. Following impregnation, MMA is polymerized at a temperature of 55 o C for 16h. Prior to polymerization, MMA has a very low viscosity (of 0.6cP at 20 o C) smaller than that of water (1.0020 cP at 20 o C). Therefore, it has excellent pore filling ability. Moreover, for further polishing, polymerized MMA (PMMA) limits the hardness difference between the paste and the aggregates, and proper flatness is • C oven-drying for at least 15 days, but without PMMA impregnation. For TEM imaging, the EST25679 sample is thinned to several tens of microns, prior to being ion milled using a Gatan Duomill T M apparatus, with the use of a liquid nitrogen-cooled specimen holder, until sample edges show electron transparency. This corresponds to thicknesses below 100 nm.
All grayscale images acquired by FIB/SEM and TEM are filtered, thresholded and binarized, to distinguish between the pores and the solids. For FIB/SEM, the direction perpendicular to imaging is z (it is the direction for slicing the sample at 10 to 20 nm thickness), whereas each image is in a (x, y) plane. Full details on the procedures are given in [11, 12] . The main properties of the samples are gathered in Tables 1 and 2 .
Numerical
On the nanoscopic scale, in the absence of 3D images, the pore structure is reconstructed from the 2D TEM images, with the same porosity and the same correlation function, by using a technique based on truncated Gaussian fields 2) The percolating part of the pore structure is retained.
3) The parallelepipedic voxels are rediscretized into cubes. 4) The mirror image of the percolating pore structure is added along a percolating direction. [1] . A correlation function of the following form:
where l x < l y = l z is used to generate flat-shaped nanopores, i.e. oblates (Fig. 1) . It is assumed that directions y and z are equivalent.
On both the nanoscopic and mesoscopic scales, the permeability is calculated by solving the Stokes equation on the 3D pore structures. The same single phase Lattice Boltzmann code is used. According to the standard terminology, it is a D3Q19 code with two relaxation times. The classical bounce-back condition is used at the solid interface. For FIB/SEM data, each sample is completed by its mirror image along a percolating direction, which provides a periodic volume, in order to avoid overall boundary effects (Fig. 2) . By construction, the 3D pore volume at the nanoscopic scale is periodic. More details can be found in [9] .
Results and discussion
Permeability at the nanoscale
The dimensionless permeability K n /a 2 (where a is the cubic voxel size) is determined along each spatial direction x, y and z (these are the K nxx , K nyy and K nzz parameters) as a function of porosity ε (Table 4 ). In absolute values, the permeability at the nanoscale varies between 0.7×10 −20 m 2 and 1.8×10 −19 m 2 . As expected, an anisotropy exists between the axes x and y (i.e. z also), as K nzz is consistently greater than K nxx .
Permeability at the mesoscale
On the mesoscale, percolation of the FIB/SEM pore volumes occurs only along one direction, either z (for EST27405-1, EST27405-2 and EST26095-2) or y (for EST26095-1). The mesoscopic permeability K m varies between 3.3×10 −20 m 2 and 1.20×10 −18 m 2 , depending on the nature of the percolating volume ( Table 5 ). The biggest K m values, obtained with EST27405-1 and EST27405-2, correspond to percolating volumes identified as cracks [12] .
Permeability by combining the nanoscale and the mesoscale pore structures
First, it is assumed that the permeability K nm of the superposed nanoscale and mesoscale porosities is on the order of K n , i.e. K nm ≈ K n . Due to current limitations of the calculation means, the mesoscopic pore volume is subsampled and superposed to the nanoscopic pore volume. For instance, for the FIB/SEM volume EST27405-1, a sub-sample provides an dimensionless permeability K mzz /a 2 of 3.77, whereas the same volume superposed with the nanoscopic pore volume of porosity 0.142 provides a K nmzz /a 2 =3.92. For nanoscale porosity values ranging between 0.102 and 0.252, K nmzz /a 2 ranges between 3.87 and 4.14. In this case of a cracked mesoscopic sample, the difference between K nm and K m is very limited.
A second sub-sample of the same mesoscopic pore volume provides K mzz /a 2 =0.133 × 10 −1 (alone), whereas the nanoscopic pore volume of porosity 0.2 (and correlation lengths of 1.5, 12.5 and 12.5 nm) provides K nzz /a 2 =0.489 × 10 −2 (alone). The combination of the two provides K nmzz /a 2 =0.236 × 10 −1 , which is significantly greater than K mzz /a 2 alone. This means that the nanoscopic pore structure cannot be neglected to estimate the shale overall permeability.
Permeability at the macroscopic scale
On this scale, a finite volume approach is preferred. It is performed on synthetic 3D images, obtained by the direct sampling method [13] on actual micro-tomography images of the same shale as in [11] . The medium is composed of three phases. Phase 1 corresponds to the macropores (volume percentage 0.5), with an infinite permeability K pore = ∞; for practical reasons, K pore is at given values of 0, 1, 10, 10 2 , 10 3 , 10 4 and 10 5 ; Phase 2 corresponds to the porous clay matrix, with a volume percentage of 60, and a permeability K nm given by the previous simulations. Phase 3 is the non porous minerals, with a volume percentage of 39.5 and zero permeability K nonporous =0. The overall permeability K macro is obtained by solving the Darcy's equation with a variable local permeability with spatially periodic boundary conditions. The calculation yields K macro ≈ 0.4 K nm , and the medium is relatively isotropic (K macroyy ≤ K macroxx ≈ K macrozz ).
Conclusion
Compared to the mesoscopic permeability K nm of the combined nanoscopic and mesoscopic pore structures, the macroscopic permeability represents only 40%. This means that these small scale pore structures actually drive the fluid transport through the shale. Our calculations show that the contribution of the nanoscopic pore structure cannot be neglected when assessing the transport of undisturbed matter. However, whenever the shale is cracked at the mesoscale, the permeability K nm is of the same order as K m , i.e. the nanoscopic pore structure can be negelected for assessing fluid transport. It is expected that such conclusion cannot be drawn for other phenomena relating to these shale, i.e. water sorption/desorption, ion diffusion, etc.
